Fourteen conserved indels (i.e. inserts or deletions) have been identified in 10 widely distributed proteins that appear to be characteristic of cyanobacterial species and are not found in any other group of bacteria. These signatures include three inserts of 6, 7 and 28 aa in the DNA helicase II (UvrD) protein, an 18-21 aa insert in DNA polymerase I, a 14 aa insert in the enzyme ADP-glucose pyrophosphorylase, a 3 aa insert in the FtsH protein, an 11-13 aa insert in phytoene synthase, a 5 aa insert in elongation factor-Tu, two deletions of 2 and 7 aa in ribosomal S1 protein, a 2 aa insert in the SecA protein, a 1 aa deletion and a 6 aa insert in the enzyme inosine-59-monophosphate dehydrogenase and a 1 aa deletion in the major sigma factor. These signatures, which are flanked by conserved regions, provide molecular markers for distinguishing cyanobacterial taxa from all other bacteria and they should prove helpful in the identification of cyanobacterial species, simply on the basis of the presence or absence of these markers in the corresponding proteins. The signatures in six of these proteins (SecA, elongation factor-Tu, ADP-glucose pyrophosphorylase, phytoene synthase, FtsH and ribosomal S1 protein) are also commonly present in plastid homologues from plants and algae (chlorophytes, chromophytes and rhodophytes), indicating their specific relationship to cyanobacteria and supporting their endosymbiotic origin from these bacteria. In phylogenetic trees based on a number of these proteins (SecA, UvrD, DNA polymerase I, elongation factor-Tu) that were investigated, the available cyanobacterial homologues grouped together with high affinity (>95 % bootstrap value), supporting the view that the cyanobacterial phylum is monophyletic and that the identified signatures were introduced in a common ancestor of this group.
INTRODUCTION
The cyanobacteria constitute one of the main phyla within the Bacteria: more than 1500 species are known (Kondratieva et al., 1992; Castenholz, 2001) . They comprise the sole prokaryotic group capable of oxygenic photosynthesis, and their emergence was a major evolutionary event that changed the Earth's atmosphere from an anoxygenic one to an oxygenic one (Woese, 1987; Kondratieva et al., 1992; Bryant, 1994; Castenholz, 2001) . The cyanobacteria, through endosymbiosis, are also believed to be the progenitors of plastids in eukaryotic cells (Giovannoni et al., 1988; Gray, 1992; Morden et al., 1992; Margulis, 1993; Whatley, 1993) .
Cyanobacteria exhibit enormous diversity in terms of their morphology, physiology and differentiation characteristics, which has led to the proposal of their division into five subsections (Rippka et al., 1979; Trüper, 1987; Kondratieva et al., 1992; Bryant, 1994; Castenholz, 2001) . However, phylogenetic trees based on 16S rRNA provide the primary means for the identification and assignment of novel species to this group (Woese, 1987; Honda et al., 1999; Turner et al., 1999; Wilmotte & Herdman, 2001) . Although cyanobacteria form a monophyletic group in 16S rRNA trees, the branching of different species within this phylum is found to be highly variable, and different subsections identified on the basis of morphological characteristics are generally not distinguished (Honda et al., 1999; Wilmotte & Herdman, 2001) . Other than phylogenetic trees based on 16S rRNA or various proteins (Viale et al., 1994; Eisen, 1995; Delwiche et al., 1995; Gupta et al., 1997; Gruber & Bryant, 1997) , no unique molecular signatures are presently known that can clearly distinguish cyanobacteria from all other bacteria (Castenholz, 2001 ).
We have recently described a new approach, based on conserved indels (i.e. inserts or deletions) found in various proteins, for identifying different groups of bacteria and for clarifying their interrelationships (Gupta, 1998) . The signatures that have been identified are of two kinds. One type of signature, which we refer to as the 'main line' signatures, are shared by several major groups of bacteria but absent from the other bacterial phyla (Gupta, 1998) . We have proposed that these signatures were introduced at critical branch points during the course of bacterial evolution, and that they provide useful information for deducing the branching order and interrelationships among different groups of bacteria (Gupta, 1998 (Gupta, , 2001 ). On the basis of different main line signatures, the cyanobacterial phylum is indicated to have evolved after the divergence of various Gram-positive phyla (Firmicutes, Actinobacteria, clostridia and relatives), the Deinococcus-Thermus group and green non-sulfur bacteria, but before the emergence of spirochaetes, the chlamydiae-CFBG (CytophagaFlavobacterium-Bacteroides and green sulfur bacteria) group, Aquifex and different divisions of the Proteobacteria (Gupta, 1998 (Gupta, , 2001 (Gupta, , 2002 (Gupta, , 2003 . The second type of signature is specific for particular groups of bacteria and was probably introduced when these groups or phyla evolved (Gupta, 1998; . Such signatures have been identified for the chlamydiae, Proteobacteria, spirochaetes, Firmicutes and Actinobacteria (Gupta, 1998; Morse et al., 2002 ; R. S. Gupta, unpublished results) and they should prove very useful in identifying different bacterial groups in clear molecular terms (Gupta, 2002; .
In this communication, we describe 14 conserved indels in 10 broadly distributed proteins that are specific for cyanobacteria (and, in many cases, also commonly shared by plastid homologues) but not found in any other bacteria. These signatures provide evidence that the cyanobacteria lineage is monophyletic and furnish further evidence for the derivation of plastids from this group of bacteria. Because of their observed specificity, these signatures should prove useful for the identification of cyanobacterial species and for studies on the origin of plastids.
METHODS
Signature sequences in protein alignments. Multiple sequence alignments for a large number of proteins were created in our earlier work (Gupta, 1998; Gupta, 2000; . To search for signature sequences that might be specific for cyanobacteria, these alignments were visually examined to identify those indels that were unique to the cyanobacterial homologues and were flanked by conserved sequences. The potential usefulness of any such indel was examined by carrying out additional BLAST searches on short sequence segments (usually between 60 and 100 aa long) containing the indel and the flanking conserved regions. The purpose of these BLAST searches was to obtain sequence information from all available species. In most cases, two different BLAST searches were carried out, one with a sequence containing the indel and the other with a sequence that lacked the indel. Indels that were unique to particular cyanobacterial species were not investigated any further. However, for those indels that were commonly present in various cyanobacteria, sequence information from different species was compiled into signature files such as those shown here.
Phylogenetic analysis. Phylogenetic analyses of protein sequences were carried out as described previously (Gupta et al., 1997) . A multiple alignment of sequences from different groups of bacteria (and also plastid homologues, where found) was created using the ALIGN program. Any sequence region for which the alignment was deemed unreliable was omitted from phylogenetic analysis. The indel regions were also excluded from the alignment for this purpose. Neighbourjoining distance trees showing branch lengths were constructed using the programs PROTDIST, NEIGHBOR and DRAWTREE. The aligned sequences were also bootstrapped 100 times using the SEQBOOT program, and a consensus neighbour-joining tree based on these data was obtained using the programs PROTDIST, NEIGHBOR and CONSENSE. Bootstrap scores for different nodes that were >50 were noted on the trees. All phylogenetic programs used are part of PHYLIP version 3.5 (Felsenstein, 1994) .
RESULTS
Description of indels that are specific to cyanobacteria and plastids Conserved indels that are commonly shared by members of one or more taxon provide a powerful means for defining various taxa in molecular terms and for clarifying how they may be related. The indels that have proved useful for evolutionary studies are generally of defined size and present in the sequence at specific locations. They are also flanked by conserved regions, to ensure that they are not due to improper alignment or sequencing errors. We have identified many conserved indels in protein sequences that are characteristic of cyanobacterial species. The descriptions of these indels and their evolutionary significance are reported below.
The SecA protein is found in all sequenced bacterial genomes and is involved in the export of proteins to the periplasmic compartment (Valentin, 1997; Schmidt & Kiser, 1999) . In this protein, we have identified a 2 aa insert in a highly conserved region that is specific to cyanobacteria (Fig. 1) . Sequence information for SecA is available from a large number of cyanobacteria. The identified insert is present in all known cyanobacterial homologues, but not in any other bacteria. Interestingly, this insert is also present in SecA homologues from different plastids. Plastid lineages from which sequence information is available include the Chlorophyta (land plants), the Rhodophyta (red algae), the Chromophyta (brown algae) and the Cryptomonadida (Guillardia theta). These results indicate that this insert is a distinguishing characteristic of these groups and that they are specifically related to each other.
We have also performed a phylogenetic analysis based on SecA sequences. Earlier phylogenetic studies on SecA have contained only a limited number of sequences from cyanobacteria and other bacteria (Valentin, 1997; Barbrook et al., 1998) . Fig. 2 shows a neighbour-joining tree with branch lengths for SecA sequences. The bootstrap scores for various nodes that were >50 are also noted. As seen from their bootstrap scores, most of the bacterial groups in this tree are well resolved from each other. However, their relative branching order is not resolved, which is a common problem in phylogenetic trees (Gupta, 1998; Ludwig & Klenk, 2001 ). In the SecA tree, all cyanobacteria and plastid homologues formed a well-defined clade (100 % bootstrap score), supporting the inference of the identified signature that these groups shared a common ancestor exclusive of other bacteria. Within this clade, the sequences corresponding to cyanobacteria were clearly resolved from those of the Chlorophyta and the Rhodophyta-Chromophyta. An unusual aspect of this tree, which has also been noted in earlier studies (Valentin, 1997; Barbrook et al., 1998) , is that Fig. 1 . Partial sequence alignment for SecA protein, showing a 2 aa insert (boxed) in a highly conserved region that is unique to cyanobacterial and plastid homologues and is not found in any other bacteria. Dashes in the alignment indicate residues identical to those on the top line (Escherichia coli protein). The position of this sequence in the E. coli protein is indicated at the top. Accession numbers of proteins are given in the second column. The SecA protein is present in all bacterial genomes, and sequence information for only representative species from major bacterial and plastid groups is presented here. Sequences ending in an asterisk are partial. Genera are abbreviated as: A., Agrobacterium; Aqu., Aquifex; Bac., Bacillus; Bor., Borrelia; B., Brucella; C., Caulobacter; Camp., Campylobacter; Cfx., Chloroflexus; Chl., Chlamydia; Chlam., Chlamydophila; Clo., Clostridium; Cor., Corynebacterium; D., Deinococcus; E., Escherichia; Hel., Helicobacter; L., Lactococcus; Lis., Listeria; Myc., Mycobacterium; Nei., Neisseria; Pro., Prochlorococcus; Ral., Ralstonia; Ri., Rickettsia; Sta., Staphylococcus; Str., Streptomyces; Strep., Streptococcus; T., Thermotoga; Thermosyn., Thermosynechococcus; Tre., Treponema; Trich., Trichodesmium; Vib., Vibrio; Xyl., Xylella.
the plastid homologues branched more deeply than the cyanobacteria. This is an unexpected result if plastids have been derived from cyanobacteria. However, as seen in Fig. 2 , in comparison with cyanobacteria, all of the plastid sequences have much longer branch lengths, indicating that they have been evolving at a faster rate. The deeper branching of the plastid lineages in SecA phylogenetic trees, therefore, is very probably a consequence of the long branch-length effect, which leads to a deeper and abnormal branching of faster-evolving taxa (Felsenstein, 1978; Barbrook et al., 1998) .
In the DNA helicase II (or UvrD) protein, which plays an essential role in the nucleotide excision repair and methyldirected mismatch repair pathways (Eisen & Hanawalt, 1999) , we have identified three cyanobacteria-specific indels. These signatures include a large, 28 aa insert (Fig. 3) as well as two inserts of 6 and 7 aa (see UvrD is present in all bacterial genomes, but not in the Archaea or plastids. Since the inserts identified are not found in any other bacteria, they are cyanobacteria-specific. In a phylogenetic tree based on UvrD sequences (excluding the indel regions), all cyanobacterial homologues grouped together with a 100 % bootstrap score (Fig. 4) . This result supports the monophyletic nature of the cyanobacterial taxa and provides evidence that the indels identified in this protein were introduced in a common ancestor of this group (see the arrowhead in Fig. 4 ).
Another prominent cyanobacterial signature consisting of an 18-21 aa insert has been identified in the DNA polymerase I (Pol I) protein (Fig. 5) . Similarly to UvrD and SecA, Pol I is found in all sequenced bacterial genomes. The insert identified is present in all known cyanobacterial homologues, but not in any other bacteria (Fig. 5) . The length of this conserved insert shows some variation in different species, possibly due to further mutations/changes that have occurred in individual species. In a phylogenetic tree based on Pol I sequences, all cyanobacterial species again formed a well-defined clade (100 % bootstrap score; results not shown), supporting their monophyly as suggested by the shared signature. The Pol I homologues of eukaryotic species do not contain this insert. However, most of the eukaryotic sequences are for polymerase h, except possibly that from Oryza sativa, which Kimura et al. (2002) have reported corresponds to a Pol I-like protein and is localized in the plastids.
Two additional cyanobacteria-and plastid-specific signatures are given in Fig. 6 . The first of these signatures is in the enzyme ADP-glucose pyrophosphorylase (ADP-Glc-PPase), which is involved in the synthesis of glycogen in bacteria and starch in plants (Preiss, 1996) . The cyanobacterial homologues of this protein contain a 14 aa conserved insert that is not found in any other bacteria (Fig. 6a) . In bacteria, the ADP-Glc-PPase is a homotetramer, whereas the plastid enzyme is made up of two small (catalytic) and two large (regulatory) subunits (Preiss, 1996) . Interestingly, the signature identified is present in both the large and small subunits of the plastid enzyme, providing evidence that both originated from cyanobacteria. The other cyanobacteriaplastid signature, shown in Fig. 6(b) , is in the enzyme phytoene synthase, which plays a key role in the biosynthesis of carotenoids (Armstrong, 1997) . The carotenoid pigments play important roles as light-harvesting molecules in photosynthetic reaction centres. The phytoene synthase from various cyanobacteria contains an 11-13 aa insert that is not found in any other bacteria. With the exception of Deinococcus-Thermus, all of the bacterial phyla in which this protein is found contain at least some photosynthetic members (Woese, 1987) . The plastid homologues of this protein also contain an insert in the same position (Fig. 6b) . However, this insert is shorter than that in cyanobacteria (7 aa versus 11 aa), indicating either that it arose independently or that a further deletion occurred in this gene during the evolution of plastids.
We have identified seven other conserved indels that are characteristic of cyanobacteria. Sequence alignments of these signatures are provided as Supplementary Figs B-F in IJSEM Online, and a brief description of them follows. Delwiche et al. (1995) have previously described a 5 aa conserved insert in elongation factor-Tu (EF-Tu) that was present in cyanobacterial and plastid homologues. We have updated the sequence information for this signature (Supplementary Fig. B ) and have confirmed its specificity for these groups. Phylogenetic trees based on EF-Tu sequences again support the monophyletic nature of the cyanobacterial phylum and the derivation of plastids from this group of bacteria (Delwiche et al., 1995; R. S. Gupta, unpublished results) . Ribosomal S1 protein, which is widely distributed among bacteria (Subramanian, 1983) , also contains two signatures (2 and 7 aa deletions) that are characteristic of cyanobacteria ( Supplementary Fig. C) . In contrast to other bacteria, cyanobacteria possess two different S1 protein homologues, both of which contain these signatures, suggesting that they arose from a gene-duplication event that occurred after these signatures were introduced. These deletions are also present in the plastid homologues, supporting their specific relationship to cyanobacteria. Two cyanobacterial signatures (a 5 aa insert and a 1 aa deletion) have been identified in the enzyme inosine-59-monophosphate dehydrogenase, which is involved in the synthesis of guanine nucleotides (Supplementary Fig. D) . These signatures are not found in any of the eukaryotic homologues, indicating that they are probably of either mitochondrial or nuclear-cytosolic origin (Gupta, 1998) . A 1 aa cyanobacteria-specific deletion is present in the major sigma factor (s 70 ), which is part of the RNA polymerase holoenzyme (Supplementary Fig. E) . A divergent form of s 70 -like protein is found in plastids (Isono et al., 1997) ; however, the insert is not present in such homologues. The last of the cyanobacterial signatures described here is a 3 aa insert in the enzyme FtsH protease, involved in the degradation of membrane proteins (Akiyama, 2002) (Supplementary Fig. F ). Unlike those of other bacteria, the genomes of cyanobacteria have two different homologues of FtsH, only one of which contains this insert. This insert is also present in a number of plastid homologues.
DISCUSSION
In the present work, we have identified 14 conserved indels in 10 widely distributed proteins; they appear to be distinctive characteristics of cyanobacteria, as they are not found in any other bacteria. Although sequence information for cyanobacterial proteins is limited at present, the available species are quite divergent and belong to several clusters in the 16S rRNA tree (Nostoc punctiforme and Nostoc PCC 7120, cluster I; Prochlorococcus marinus and Synechococcus PCC 7942, cluster II; Thermosynechococcus elongatus, cluster III; Synechocystis PCC 6803, cluster XI; Trichodesmium erythraeum, cluster XII) (Wilmotte & Herdman, 2001) . Therefore, it is likely that many of these signatures will prove distinctive for the entire cyanobacterial phylum and will provide molecular markers for distinguishing cyanobacteria from all other bacteria. The availability of such markers should facilitate the identification of novel cyanobacterial species simply on the basis of the presence or absence of these markers in corresponding proteins. All of the identified signatures are flanked on both sides by highly conserved sequence regions. This should facilitate the design of PCR primers to amplify the sequence region from other bacteria, which will be carried out in future work.
Cyanobacteria are a very diverse group, exhibiting enormous variation in their cell division and morphological characteristics. However, the taxonomic relationships within this phylum are not understood (Rippka et al., 1979; Trüper, 1987; Kondratieva et al., 1992; Castenholz, 2001; Wilmotte & Herdman, 2001 ). In phylogenetic trees based on 16S rRNA, 14 major clusters have been identified within this phylum; however, it is unclear whether the placement of species within these clusters is evolutionarily meaningful. Also, how these different clusters relate to the major morphological differences within the cyanobacteria is unclear (Wilmotte & Herdman, 2001) . In this context, signature sequences could provide a new and useful means of clarifying taxonomic relationships within this group. In the present work, we have focused mainly on indels that are shared by different cyanobacteria; other indels that were unique to particular cyanobacterial species were not studied further. However, such indels could provide signatures for identifying intermediate-level taxa within the cyanobacterial phylum.
The identification, in the present work, of 14 cyanobacteriaspecific indels in 10 essential and widely distributed proteins provides evidence that the cyanobacterial phylum is monophyletic and that these signatures were probably introduced in a common ancestor of this group. The phylogenetic trees based on various genes/proteins also strongly support this inference. These results also provide evidence that the genes for these proteins have not been laterally exchanged between cyanobacteria and other bacteria, as has been suggested for many other genes (Gogarten et al., 2002; Raymond et al., 2002) . If these genes were subjects of lateral gene transfers, the presence of these indels would be expected to be more random, which is clearly not the case here. However, we have previously described a few other signatures that are shared by cyanobacteria and the Deinococcus-Thermus group, and these could be a consequence of lateral gene transfers (Gupta & Johari, 1998; Gupta, 1998) .
The signatures described here are also of value in clarifying the evolutionary relationship between cyanobacteria and plastids (Whatley, 1993; Delwiche et al., 1995; Stiller & Hall, 1997; Valentin, 1997) . For six of these proteins that are also present in plastids (SecA, ADP-Glc-PPase, phytoene synthase, EF-Tu, FtsH and ribosomal S1 protein), the signatures identified are commonly shared by the plastid homologues. Phylogenetic trees based on some of these proteins show a specific grouping of plastid homologues with cyanobacteria. These results provide additional evidence in support of the endosymbiotic origin of plastids from cyanobacteria (Gray, 1992; Margulis, 1993; Delwiche et al., 1995) . However, for three of these proteins, Pol I, inosine-59-monophosphate dehydrogenase and s
70
, the cyanobacteria-specific indels were not found in eukaryotic homologues. It is possible that these homologues are of either mitochondrial or nuclear-cytosolic origin and would therefore not be expected to contain cyanobacteria-specific signatures (Gupta, 1998) . Additional studies are required to clarify this aspect. With the availability of new signatures that allow discrimination between different groups of cyanobacteria, the signature approach could provide important insights into which group of cyanobacteria are the closest relatives of plastid lineages. The functional significance of the identified signatures is not known.
Because these indels have not been lost from any cyanobacteria, they are expected to be functionally important. Hence, studies examining their functional effects should be of much interest.
